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to be used for millimeter wave communications in the high spectrums [5] . Compared with the conventional degree of freedoms in wireless communications, such as degree of freedoms in time, frequency and space, the OAM technology provides a new degree of freedom, i.e., the OAM state for millimeter wave communications [6] . A revolutionary improvement on millimeter wave communications can be expected for future mobile networks when the OAM technology is adopted for millimeter wave communications.
Based on the electromagnetic theory, an electromagnetic wave not only has the linear momentum along the beam propagation direction but also has the angular momentum which is perpendicular to the beam propagation direction [7] . The OAM is one part of the angular momentum whose electromagnetic fields are characterized by a wavefront that is shaped as a helix, i.e., ex p (−ilφ), where φ is the transverse azimuthal angle and l is the OAM state, i.e., an unbounded integer. The OAM state l implies a 2πl phase delay over one revolution of a beam in millimeter wave communications. Moreover, beams with different OAM states are mutually orthogonal and thus can be multiplexed together along the same beam axis for propagation. Thereby, the capacity of wireless communication systems could be obviously improved by the OAM technology [7] , [8] . Although the OAM feature of electromagnetic wave has been indicated in early years of 20 th century [9] , until recent years the OAM technology has been used for optical communications [8] , [10] [11] [12] [13] [14] [15] . Laser light with LaguerreGaussian amplitude distribution was first found to have an OAM and the Laguerre-Gaussian mode can be transformed from the Hermite-Gaussian mode in astigmatic optical systems [10] . Utilizing the OAM technology, information was encoded into a light beam and was transmitted by free space communication experiments [8] . Using LaguerreGaussian mode beam, the spatial mode division multiplexing with two OAM states was first demonstrated to achieve 10 Gbps transmission rate in optical communications [11] . By Combining with low-density parity-check (LDPC) codes, OAM-based modulation schemes were proposed to realize high speed transmissions over strong atmospheric turbulence channels in deep-space and near-earth optical communications [12] . Modulating 16-quadrature-amplitudemodulation signals over four OAM states, a spectral efficiency of 25.6 bit/s/Hz was implemented by polarization-multiplexed multiple OAM optical communication systems [13] . A 2-Tbit/s data link was presented in free space optical communication systems using two orthogonal OAM states with 0733-8716 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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25 wavelength division multiplexed channels on each state [14] . In a 1.1 kilometer transmission scenario over an optical fiber, 1.6 Tbit/s data transmission rate was demonstrated for optical communications with two OAM states over 10 wavelengths [15] . In addition to optical communications, the OAM technology has also been implemented for wireless transmissions over millimeter wave and microwave spectrums. Thid et al. [16] first proposed that vector antenna arrays can generate radio beams with OAM characteristics which is similar with helical Laguerre-Gaussian laser beams in paraxial optics. Thereby, the OAM technology was suggested to be used for wireless communications with microwave spectrums. Tamburini et al. [17] first demonstrated that two beams of incoherent radio waves, transmitted on the same frequency but encoded in two different OAM states, simultaneously transmit two independent radio channels. Experiments results in [17] have enkindled discussions about the comparison between the OAM and multi-input multi-output (MIMO) systems [18] [19] [20] . Based on the configuration of uniform circular antenna (UCA) array in free space communications, Edfors and Johansson [18] indicated that communicating over the sub-channels given by OAM states is a subset of solutions offered by MIMO technology. When the transmitting and receiving antenna arrays have not been aligned in free space, the capacity of OAM-based radio communication decreases significantly with disalignment antenna arrays and the rotation phase is seriously distorted [19] . Moreover, the impact of crosstalk and poor signal-to-noise ratio (SNR) on OAM-base radio communications has been discussed in [20] . The above studies of OAM radio communications are based on UCA arrays. To overcome drawbacks of UCA arrays, Yan et al. [5] utilized the spiral phase plates (SPP) to generate OAM beams and implemented a transmission rate of 32 Gbps, i.e., 16 bit/s/Hz spectral efficiency, over millimeter wave channels multiplexing eight OAM states. However, it is very complex to generate OAM beams by SPP systems. To solve this problem, a dual OAM antenna with traveling-wave ring resonators was designed to simultaneously generate multiple beams with different OAM states for millimeter wave communications [21] . Furthermore, the technology of using uniform linear array, which consists of circular travelingwave OAM antennas for multiplexing, was compared with the conventional MIMO communication method, and simulation results implied that OAM waves could decrease the spatial correlation of MIMO channels [22] . Based on the property that the intensity of electric field in radial direction is characterized by the Bessel function of the first kind, three methods were proposed for beam axis detection and alignment for OAM-based radio communications [23] . Utilizing OAM states, a basic method was proposed for encoding and decoding data in wireless communications [24] . However, most of the above studies on OAM-based radio communications are focused on multiplexing OAM orthogonal channels. When the OAM technology is limited in the channel multiplexing, the capacity of OAM-based radio communication systems can not be larger than the capacity of MIMO radio communication systems [25] . Although the method in [24] provided a potential approach to extend a new degree of freedom in wireless communication, the total communication system has not been explained in detail and the corresponding performance analysis is insufficient.
The assumption that gains of OAM beams are the same in different propagation directions is widely adopted in current OAM-based radio communications. But this assumption conflicts with the spatial distribution characteristic of OAM beams where the energy of OAM beam is focused on a circle surrounding the beam axis [6] , [10] . Considering the spatial distribution characteristic of OAM beams, in this paper a new OAM spatial modulation (OAM-SM) scheme is proposed for multi-antenna millimeter wave communication systems. Main contributions of this paper are list as follows:
1) A new OAM-SM scheme is proposed for multi-antenna millimeter wave communication systems considering the spatial distribution characteristic of OAM beams.
2) The capacity, average bit error probability (ABEP) and energy efficiency of OAM-SM millimeter wave communication systems are analytically derived in closed forms [26] , [27] . Moreover, the capacity, ABEP and energy efficiency of OAM-SM millimeter wave communication systems are simulated for performance analysis. 3) Compared with the OAM based MIMO millimeter wave communication systems, the maximum energy efficiency of OAM-SM millimeter wave communication systems is improved by 227.2%. Moreover, numerical results indicate that the capacity of OAM-SM millimeter wave communication systems is larger than the capacity of MIMO millimeter wave communication systems when the transmission distance is larger than 37 meters. The remainder of this paper is outlined as follows. Section II describes the system model of OAM-SM millimeter wave communications and the OAM wireless channel model is derived. The capacity of OAM-SM millimeter wave communication systems is derived and analyzed in Section III. The ABEP of OAM-SM millimeter wave communication systems is proposed and analyzed in Section IV. The energy efficiency of OAM-SM millimeter wave communication systems is presented and analyzed in Section V. Finally, conclusions are drawn in Section VI.
II. SYSTEM MODEL OF OAM-SM MILLIMETER WAVE COMMUNICATIONS
Based on the spatial distribution characteristic of OAM beams, an OAM-SM scheme is proposed for multi-antenna millimeter wave communication systems. In the following, we illustrate the system model of OAM-SM millimeter wave communications, including the OAM-SM scheme, the OAM wireless channel model and the OAM spatial demodulation scheme.
A. OAM-SM Scheme
The system model of OAM-SM millimeter wave communications is illustrated in Fig. 1 , where M transmission antennas are formed a uniform linear array for transmitting OAM beams. Without loss of generality, in this paper OAM antennas are configured with traveling-wave ring resonators to generate beams with different OAM states. The travelling-wave antennas transmitting OAM beams are assumed to be equipped with carefully designed reflectors [21] , [28] , [29] . Different OAM beams generated by a single travelling-wave antenna with the reflector are focused and have closer divergence angles than the beams generated without the reflector [30] . Thus, different OAM beams can have approximate sizes of the circle regions due to their approximate divergence angles. To easily generate OAM signals, a millimeter wave spectrum is used for wireless transmission by the OAM-SM scheme. Considering the direction of OAM signals, each receive antenna pair is assumed to be within the circle region of the OAM signal transmitted by the corresponding transmission antenna. This assumption is used in the existing literatures studying OAM radio applications [18] , [22] . In practical systems, if the transmitter and the receiver are not aligned, the OAM beam axis detection and alignment method can be used to establish the alignment [23] . It should be noted that in practical systems the different OAM beams still have slightly different divergence angles even if the reflectors are equipped [29] . But these differences will make the proposed system very complicated for theory analysis. Therefore, due to the reflectors used to focus OAM beams and the feasibility of the analysis, the circle regions' sizes of different OAM beams are considered equal in the following theoretical analysis. Every receive antenna pair, including two receive antennas, can detect the phase of OAM signals and then determine the OAM state of signals. Hence, every transmission antenna corresponds to a receive antenna pair in the proposed OAM-SM millimeter wave communication systems. In this case, there are M pairs of receive antennas at the receiver when the transmitter is equipped with M transmission antennas.
Based on the OAM-SM scheme, only one transmission antenna is adopted to transmit OAM beams in one time slot. In this case, log 2 M bits information can be transmitted by selecting one antenna from M transmission antennas in the OAM-SM scheme. When the number of OAM states is configured as L for every OAM signal transmitted by a transmission antenna, log 2 L bits information can be transmitted by selecting one state from L OAM states. Moreover, an OAM signal is modulated by the conventional P-point constellation modulation, i.e., the radiated symbol x p ∈ X , 1 p P, where X is the set of radiated symbols corresponding the P-point constellation modulation. The value of x p is assigned with equivalent probability from P candidate values in X . Consequently, a symbol modulated at the OAM signal brings log 2 P bits information and the power of the radiated symbol is assumed as E x p 2 = 1. Therefore, log 2 M + log 2 L + log 2 P bits information can be transmitted by an OAM signal in OAM-SM millimeter wave communication systems. The receive signal of OAM-SM millimeter wave communication systems is expressed by
where 
where and w j = w j,1 , w j,2 are the additional Gaussian white noise (AWGN) corresponding to channels at the m − th and the j − th receive antenna pairs. The AWGN is assumed to be governed by a random distribution with the mean zero and the variance σ 2 w in this paper. Based on the OAM-SM scheme, the OAM-SM wireless channel model is further derived as follows.
B. OAM-SM Wireless Channel Models
In this paper the position of antennas in Fig. 1 is expressed by the cylindrical coordinate system (r, φ, Z), where r is the polar axis, φ is the angular coordinate and Z is the longitudinal axis. Based on the system model of OAM-SM millimeter wave communications in Fig. 1 
The azimuths of the j − th receive antenna pair are denoted by
As a consequence, the positions of j − th receive antenna pair Rx j,1 and Rx j,2 are expressed by
, respectively. It's worth pointing out that the distance between adjacent receiving antenna pairs is always ξ with any transmission distances. Although the distance between the antennas in a single receive antenna pair is increased when the transmission distance increases. The actual distance between these two antennas is limited in a small range since the angle between these two antennas is configured as a small value. In this case, the dimension of the linear receiving antenna array is acceptable with the increasing transmission distance.
In the OAM circle regions, the fading of OAM signals is governed by the Friis Law [25] , i.e., the strength of signal is attenuated with the inverse square of the propagation distance. Consequently, the channel responses between the transmission antenna Tx m and the receive antenna pair Rx m,1 , Rx m,2 are expressed by
where λ is the wave length, k is the wave number, i.e., k = and Rx j,2 , the gain coefficients B m j,1 and B m j,2 are no longer constants. B m j,1 and B m j,2 are derived in the following. The OAM beams generated by the travelling-wave antenna have helical phase fronts and intensity focused within circle regions [21] , [28] . These OAM beams can be included in the Laguerre-Gaussian mode set, which is described by the Laguerre-Gaussian beams [6] , [25] , [32] . Therefore, in this paper the strength distribution of OAM beams is described by Laguerre-Gaussian beams [6] . It's worth mentioning that the Laguerre-Gaussian beam is widely used to describe light OAM beams. Meanwhile, the Laguerre-Gaussian beam has also been used to describe radio OAM beams [25] , [32] . Comparing to electromagnetic methods, using the LaguerreGaussian beam method to describe OAM beams provides a simpler method for the following derivations and analysis. In cylindrical coordinate systems, the Laguerre-Gaussian beam is expressed by [10] 
where γ
is a normalized constant, L is the radial index which describes the number of radial nodes in the intensity distribution, for the proposed OAM-SM millimeter wave communication systems, the radial index is configured as L = 0. l is the OAM state, w l (z) is the radius at which the field amplitudes fall into 1/e of their axial values. The expression of w l (z) is extended by
where w l is the beam waist radius with the OAM state l and
is the generalized Laguerre polynomial, e −ilφ is the helical phase distribution when the OAM state
) is the Gouy phase at z, i.e., an extra phase term beyond that attributable to the phase velocity of signal. The energy of OAM signal is focused in the OAM circle region. The radius of the OAM circle region with the maximum energy strength is configured by
In this paper OAM beams with different OAM states are assumed to have the same size of OAM circle regions, i.e., the same radius of OAM circle regions. Moreover, the w l with the OAM state l is assumed as a constant. For other OAM signals with different OAM state l , l = l, l ∈ L, the following equation should be satisfied by
Substitute the Rayleigh distance z R = πw 2 l λ into (10) . Furthermore, (10) is transformed by
with
Based on the solution of (11) .
The results of u mm,1 and u m j,1 can be derived by (7) . Substitute the results of u mm,1 and u m j,1 , (5), (6) into (12), the gain coefficients of the transmission antenna corresponding the receive antenna Rx j,1 is derived by
where r m j,1 is the radial distance between the transmission antenna Tx m and the receive antenna Rx j,1 . Substitute (13) into (6a), the channel response between the transmission antenna Tx m and the receive antenna Rx j,1 is derived by
Based on the derivation process in (14a), the channel response between the transmission antenna Tx m and the receive antenna Rx j,2 is derived by
In the end, the OAM wireless channel model is derived for OAM-SM millimeter wave communication systems.
C. OAM Spatial Demodulation
Assume that the perfect channel state information is obtained at receivers of OAM-SM millimeter wave communication systems. In generally, the maximum likelihood method can be adopted for demodulation of OAM-SM millimeter wave communication systems, which is expressed by
wherem is the estimated transmission antenna index,l is the estimated OAM state,x p is the estimated radiated symbol. When the OAM signal is transmitted from the m − th transmission antenna, the m − th receive antenna pair are assumed to be located at the OAM circle region. In this case, the power of OAM signal at the m − th receive antennas are obviously larger than the power of OAM signal at other receive antenna pairs. Hence, the transmission antenna index can be estimated by the receive antenna index with the maximum receive power of OAM signal. Based on the phase gradient method [9] , the OAM state is estimated by the receive antenna pair with the maximum power of OAM signal. Furthermore, the maximum likelihood method is used to demodulate radiated symbols from the receive antenna pair. Consequently, the OAM-SM demodulation process is decomposed by the following three steps:
3)x p = arg min
where y m,1 is the element at the m − th row and the first column of the matrix y, φmm ,1 and φmm ,2 are OAM phases at the first and second antennas of the m − th receive antenna pair. In the following sections, the capacity and ABEP of the OAM-SM system are modeled based on the probability density function (PDF) of the received OAM signals. The system energy efficiency is further modeled based on the capacity and the energy consumption model. In this paper, these three metrics are investigated to comprehensively evaluate the performance of the proposed OAM-SM millimeter wave communication system.
III. CAPACITY OF OAM-SM MILLIMETER WAVE COMMUNICATION SYSTEMS

A. Capacity Model
Assume that the radiated symbol x p (x p ∈ X , 1 p P) is transmitted by the m − th antenna with the OAM state l. Based on the expression of (1), the signal received by the first antenna of the m − th (1 m M) receive antenna pair is expressed by
Considering the assumption that w m ,1 is the AWGN with zero mean and variance σ 2 w , the conditional probability density function (PDF) of y m ,1 is expressed by
According to the proposed OAM-SM scheme, the selections of the transmission antenna, the OAM state, and the radiated symbol are based on the random input bits. The input bits are assumed to follow independent uniform distributions. Therefore, each transmission antenna is selected with the same probability 1/M. Similarly, each OAM state is selected with a probability 1/L and each radiated symbol is selected with a probability 1/P, respectively [33] . Thus, the PDF of the signal received by the first antenna of the m − th receive antenna pair, i.e., y m ,1 , is derived as expression (21) , which locates at the bottom of this page.
The input symbols that are composed by the transmission antenna index, the OAM state and the radiated symbol are discrete symbols, thus they do not satisfy the requirement of Gaussian input for wireless communication systems in general. In this case, the Shannon capacity can not be achieved for wireless communication systems with non-Gaussian input [34] . On the other hand, because of the additive Gaussian channels in OAM-SM millimeter wave communication systems, the signals received by antenna pairs are continuous signals. Consequently, the discrete input continuous output memoryless channel (DCMC) capacity needs to be derived for analyzing the capacity of OAM-SM millimeter wave communication systems [35] . Furthermore, the capacity of OAM-SM
millimeter wave communication systems is expressed as (22) , which locates at the previous page. The mutual information between the input and output in (22) is calculated by the signal received by the first antenna of the m − th receive antenna pair, i.e., y m ,1 . Since the selection of the receive antenna only depends on the transmission antenna index, the mean of the mutual information corresponding to all receive antenna pairs is the average mutual information of OAM-SM millimeter wave communication systems considering all possible selections of transmission antennas. Moreover, the average mutual information in (22) is maximized when discrete inputs are uniformly distributed [36] . In this paper discrete inputs, i.e., the transmission antenna index, the OAM state and the radiated symbol are governed by uniform distributions. Therefore, the average mutual information in (22) is maximized and then the DCMC capacity of OAM-SM millimeter wave communication systems is obtained. Based on (20) and (21), the PDF P y m ,1 , m, l, x p in (22) is derived by
where equation (a) is obtained by substituting (19) into (23) .
The term of log 2
within (22) is further derived by
Substitute (23) and (24) into (22), the DCMC capacity of the OAM-SM millimeter wave communication systems is finally derived as expression (25) , as shown at the bottom of this page, where E w m ,1 stands for the expectation operation with respect to w m ,1 .
B. Performance Analysis of Capacity
Based on the proposed capacity model of OAM-SM millimeter wave communication systems, the performance of capacity is simulated. Moreover, similar to the performance comparisons between the spatial modulation and conventional MIMO systems in [35] , [37] , and [38] , in our paper a conventional MIMO system is simulated and compared with the proposed OAM-SM system in the following performance analysis. The conventional MIMO system is equipped with omnidirectional antennas and the MIMO channel between the mth transmission antenna and the j th receiving antenna is expressed by
where the constant antenna gain B indicates that the transmission antenna is omnidirectional. Additionally, an OAM based MIMO system is considered for comparison as well [22] , [39] . the OAM based MIMO system has an equal number of transmission and receiving antennas. The transmission antennas simultaneously generate directional OAM beams. Each OAM beam is received by the receiving antenna located within the corresponding beam's circle region [22] . The transmission antenna gains of the OAM based MIMO system are configured as the same as that of the OAM-SM system. Considering the channel model in the OAM-SM system, the channel between the mth transmission antenna and the j th receiving antenna in the OAM based MIMO systems is expressed by
where B m j is the OAM based MIMO transmission antenna gain, which equals to the OAM-SM transmission antenna gain.
φ m j is the azimuth of the j th receiving antenna. d m j is the distance between the mth transmission antenna and the j th receiving antenna. The capacity of the OAM based MIMO system is derived in [22] and [39] . Moreover, a reference OAM-SM system with one transmission antenna but higher OAM orders is also simulated. In numerical simulations, the reference OAM-SM system transmits the same number of bits during one transmission time slot comparing with the OAM-SM system with multiple antennas but lower OAM orders. The default simulation parameters are configured as follows: the carrier wave central frequency is 70 GHz, the bandwidth is 20 MHz, the OAM state is 8, the transmission distance between the transmitter and receiver is d = 50 meters, the noise power spectral density is -174 dBm/Hz [40] , [41] , and the distance between transmission (receive) antenna elements is ξ = 20λ [21] , [22] , [42] . Based on the 70 GHz central frequency, the millimeter wave wireless channels have small propagation loss and the size of the antennas is small [2] . Meanwhile, with carefully designed reflectors the assumed traveling-wave antenna is able to generate OAM signals with more than 2 OAM states [21] , [28] . In this case, the default number of available OAM sates is configured as 8 (18), only one antenna in each receive antenna pair is used for estimating the transmission antenna index and the radiated symbol. Therefore, the comparison between the OAM-SM system with 4 transmission antennas and 4 receive antenna pairs and the MIMO system with 4 transmission antennas and 4 receive antennas is reasonable. Fig. 2 illustrates the capacity of OAM-SM, conventional MIMO and OAM based MIMO millimeter wave communication systems with respect to the transmission SNR. As shown in Fig. 2 , it is observed that the capacity of considered systems increases with the increase of the transmission SNR. When the transmission SNR is lower than 22 dB, the OAM-SM system with 4 transmission antennas and 8 available OAM states achieves the highest capacity compared with the conventional MIMO and OAM based MIMO systems. When the transmission SNR further is larger than or equal to 22 dB, the conventional MIMO and OAM based MIMO system achieve higher capacity than the OAM-SM system. Moreover, although the two simulated OAM-SM systems transmit the same number of bits in one transmission, the capacity of the OAM-SM system with multiple antennas and lower number of available OAM states has higher capacity than the OAM-SM system with 1 transmission antenna and higher number of available OAM states. It shows that increasing the number of antennas is more helpful for the capacity than only increasing the number of available OAM states.
In Fig.3 , the capacity with respect to the transmission distance between the transmitter and the receiver is analyzed for OAM-SM, conventional MIMO and OAM based MIMO millimeter wave communication systems. It can be seen that the capacity of all simulated systems decreases with the increase of the transmission distance. When the transmission distance is less than 37 meters, the capacity of OAM-SM systems with 4 transmission antennas and 8 available OAM states is less than the capacity of conventional MIMO and OAM based MIMO systems. When the transmission distance is larger than or equal to 37 meters, the capacity of OAM-SM systems with 4 transmission antennas and 8 OAM states outperforms the capacity of conventional MIMO or OAM based MIMO systems. The cross-point in Fig. 3 coincides with the results in Fig. 2 . When the transmission distance is short, which corresponds to high SNR in Fig. 2 , the OAM-SM system has lower capacity than the MIMO systems. But when the transmission distance increases, which corresponds to the lower SNR in Fig. 2 , the OAM-SM system capacity exceeds the MIMO capacity. Meanwhile, the AM-SM system with 4 transmission antennas and 8 OAM states have higher capacity than the OAM-SM system with 1 transmission antenna and 32 states. It can be concluded from Fig. 3 that OAM-SM millimeter wave communication systems are more suitable for wireless transmission in a long distance than conventional MIMO millimeter wave communication systems.
The capacity of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different numbers of transmission antennas is illustrated in Fig. 4(a) . In Fig. 4(a) , the number of OAM states L is configured as 8. When the transmission SNR is less than −15 dB, the capacity of OAM-SM millimeter wave communication systems decreases with the increase of the number of transmission antennas. When the transmission SNR is larger than or equal to -15 dB, the capacity of OAM-SM millimeter wave communication systems increases with the increase of the number of transmission antennas. The capacity of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different numbers of OAM states is illustrated in Fig. 4(b) . In Fig. 4(b) , the number of transmission antennas M is configured as 4. When the transmission SNR is fixed, the capacity of OAM-SM millimeter wave communication systems decreases with the increase of the number of OAM states.
The capacity of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different P-point constellation modulation methods is illustrated in Fig. 5 . When P is configured as 2, 4, and 8, P-point constellation modulation corresponds to 2PSK, 4PSK and 8PSK, respectively. In numerical simulations, M and L are configured as 4 and 8 according to the default simulation parameters. When the transmission SNR is less than -15 dB, the capacity of OAM-SM millimeter wave communication systems decreases with the increase of the point number in P-point constellation modulation methods. When the transmission SNR is larger than or equal to -15 dB, the capacity of OAM-SM millimeter wave communication systems increases with the increase of the point number in P-point constellation modulation methods.
The capacity of OAM-SM millimeter wave communication systems with respect to the transmission distance considering different numbers of transmitting antennas is shown in Fig. 6(a) . In Fig. 6(a) , the number of OAM states L is configured as 8. When the transmission distance is fixed, the capacity of OAM-SM millimeter wave communication systems increases with the increase of the number of transmission antennas. The capacity of OAM-SM millimeter wave communication systems with respect to the transmission distance considering different numbers of OAM states is presented at Fig. 6(b) . In Fig. 4(b) , the number of transmission antennas M is configured as 4. When the transmission distance is less than 17 meters, the capacity of OAM-SM millimeter wave communication systems increases with the increase of the number of OAM states. When the transmission distance is larger than or equal to 17 meters, the capacity of OAM-SM millimeter wave communication systems decreases with the increase of the number of OAM states. The trends in Fig 6(b) coincide with the results in Fig. 4(b) . The default transmission distance is 50 meters in Fig. 4(b) , thus a larger number of OAM states leads to a lower capacity as shown in Fig. 6(b) . The increasing the number of OAM states leads to employing the larger OAM state in the transmission signal modulation. The larger OAM state leads to an increment in the radius of the OAM beam's circle region. Although reflectors are used at the transmission antenna and OAM beams with different OAM states are assumed to have close divergence angles, the increment of the circle region size becomes large when the transmission distance is long. In this case, the receiving antennas which are far from the transmitter are no longer within the circle region and the received OAM signal becomes very weak, which greatly degrades the capacity. When receiving antennas are close to the transmitter, the increment of the circle region is limited. Thus receiving antennas still remain within the circle region and the capacity is only slightly degraded. The capacity of OAM-SM millimeter wave communication systems with respect to the transmission distance considering different P-point constellation modulation methods is depicted in Fig. 7 . In numerical simulations, M and L are configured as 4 and 8 according to the default simulation parameters. When the transmission distance is fixed, the capacity of OAM-SM millimeter wave communication systems increases with the increase of the point number in P-point constellation modulation methods.
The capacity of OAM-SM millimeter wave communication systems with respect to the number of transmission antennas M considering different transmission distances is illustrated in Fig. 8(a) . When the transmission distance is fixed, the capacity increases with the increase of the number of antennas. When the number of antennas is fixed, the capacity decreases with the increase of the transmission distances. The results in Fig. 8(a) coincides with the results in Fig. 4(a) and Fig. 6(a) . The capacity of OAM-SM systems with respect to the number of OAM states L considering different transmission distances is illustrated in Fig. 8(b) . When the transmission distance is configured as 10 meters and 15 meters, the capacity increases with the increase of the number of OAM states. When the transmission distance is as large as 30 meters, the capacity decreases with the increase of the number of OAM states. These results also coincide with the results in Fig. 4(b) and Fig. 6(b) , where the larger L corresponds to the higher capacity only when the transmission distance is shorter than a specific threshold. Based on simulation results, when the transmission distance is short, such as 10 meters and 15 meters, the capacity is improved by increasing the number of antennas and OAM states. When the transmission distance is long, such as 30 meters, the capacity is improved only by increasing the number of antennas.
IV. AVERAGE BIT ERROR PROBABILITY OF OAM-SM MILLIMETER WAVE COMMUNICATION SYSTEMS
A. Average Bit Error Probability Models
Based on the proposed OAM-SM millimeter wave communication systems, the receiver retrieves symbols conveyed from receive signals, which is demodulated from the transmission antenna index, the OAM state and the radiated symbol. Assume that correct demodulation events conveyed from the transmission antenna index, the OAM state and the radiated symbol are denoted as ant , OAM , mod , respectively. If there exist any errors in correct demodulation events, the total demodulation process of OAM-SM millimeter wave communication systems is determined as a failure. Therefore, the probability of the total correct demodulation event is expressed by
where P (·) is the probability of an event, P ( mod | ant OAM ) is the conditional correct estimation probability of bits conveyed by the radiated symbol while bits conveyed by the transmission antenna index and the OAM state have already been correctly demodulated. P ( OAM | ant ) is the conditional correct estimation probability of bits conveyed by the OAM state while bits conveyed by the transmission antenna index have already been correctly demodulated. P ( ant ) is the correct estimation probability of bits conveyed by the transmission antenna index. Based on (28), the incorrect demodulation probability, i.e. the ABEP is expressed by
In the proposed OAM-SM millimeter wave communication systems, the judgement of the transmission antenna index depends on the power strength of receive antenna pairs. Based on OAM-SM scheme, the receive antenna pair corresponding to the transmission antenna is configured within the intensityfocused circle region where the transmitted OAM beam has the maximum intensity. Since two antennas of a receive antenna pair corresponding to the transmission antenna locate within the same intensity-focused circle region, the received power of two antennas of a receive antenna pair is equal. In this case, only one of two antennas of receive antenna pair is used when the signal power of receive antenna pairs needs to be compared. Without loss of generality, the m − th transmission antenna Tx m is assumed for transmitting OAM signals in OAM-SM millimeter wave communication systems. The corresponding receive antenna Rx m,1 is located within the intensity-focused circle region while the other receive antenna Rx j,1 ( j = m) is located outside the intensityfocused circle region. The signal received at the antenna Rx m,1 is expressed as
where the AWGN is governed by w m,1 ∼ CN 0, σ 2 w . Let σ 2 0 = σ 2 w /2, the following results are derived by
where R (·) and I (·) denote operations taking the real and imaginary part from a complex variable, respectively. Based on the definition of chi-square distribution, (32) , is further formulated by [43] 
where χ g; λ m,1 is the PDF of the chisquare distribution with the random variable g, two degrees of freedom and non-centrality λ m,1 . Equation (a) within (33) is established with the constraint that signals received by different receive antennas are independence each other [13] . Furthermore, the average probability that the transmission antenna index is correctly estimated is derived by
When the transmission antenna index is not correctly estimated, the average symbol error probability of the transmission antenna index is expressed by
Furthermore, the ABEP conveyed by the transmission antenna index e b ant is expressed by [44] 
where γ log 2 M is extended by γ log 2 M = γ
with an initial condition γ 0 = 0. Consequently, the correct estimation probability of bits conveyed by the transmit antenna index is derived by
When the transmission antenna Tx m has been estimated, OAM phases at the corresponding receive antenna pair are denoted as φ mm,1 and φ mm,2 , respectively. As a consequence, the OAM state of the receive signal is derived by [31] 
As illustrated in Fig. 1 , the azimuthal angle β between Rx m,1 and Rx m,2 should satisfy β < π |L max | . In this case, the OAM state l is always correctly estimated [24] , [31] . In other words, the corresponding receive antennas always obtain the correct OAM state based on (38) if the transmit antenna index is correctly estimated. Therefore, we have
Based on the OAM-SM scheme, the maximum likelihood method is adopted to demodulate the radiated symbol after the transmission antenna index and the OAM state have been estimated. Hence, the bit error probability of the radiated symbol is derived by [45] , [46] 
where x p is the input radiated symbol and x p 1 is the demodulated output radiated symbol, D(x p , x p 1 ) is the Hamming distance between x p and x p 1 , Q (·) is the Q-function [46] ,
* is the codeword difference between x p and x p 1 . Furthermore, the conditional correct estimation probability of bits conveyed by the radiated symbol is derived by
Substitute (34)- (37), (39)- (41) into (29), the ABEP of the OAM-SM millimeter wave communication systems is derived as expression (42) , which locates at the bottom of this page.
B. Performance Analysis of Average Bit Error Probability
To analyze the performance of ABEP in OAM-SM millimeter wave communication systems, some default parameters are configured for simulations as follows: the number of transmission antennas is 4, the 4PSK modulation is adopted, the number of OAM state is 8, the distance of transmitter and receiver is 50 meters. Fig. 9 illustrates the ABEP of OAM-SM, conventional MIMO and OAM based MIMO millimeter wave communication systems with respect to the transmission SNR. When the transmission SNR is less than 7 dB, the ABEP of conventional MIMO and OAM based MIMO systems is larger than or equal to the ABEP of the OAM-SM systems. When the SNR is in the range of 7 dB and 18 dB, the ABEP of the OAM-SM system with M = 4 and L = 8 is larger than that of the other systems. But when the SNR is larger than 19 dB, the ABEP of the OAM-SM system with M = 4 and L = 8 is lower than or equal to the ABEP of conventional MIMO and OAM based MIMO systems. Meanwhile, the reference OAM-SM system with M = 1 and L = 32 always has the lowest ABEP. Because of only 1 transmission antenna, the estimation of the transmission antenna index is always right. Additionally, increasing the number of the OAM states have little impact on the ABEP. Therefore, the reference OAM-SM system achieves much lower ABEP comparing with the other systems. With the same simulation parameters, the comparison between OAM-SM and MIMO systems in Fig. 9 help to justify the fairness of the capacity comparison in Fig. 2. Fig. 2 and Fig. 9 together illustrate that without significantly increasing the ABEP, the capacity of OAM-SM systems is larger than the capacity of MIMO systems. Fig. 10(a) shows the ABEP of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different numbers of transmission antennas. When the number of transmission antennas is fixed, the ABEP of OAM-SM millimeter wave communication systems decreases with the increase of the transmission SNR. When the transmission SNR is fixed, the ABEP of OAM-SM millimeter wave communication systems increases with the increase of the number of transmission antennas. When the transmission SNR is less than 10 dB, the impact of the number of transmission antennas on the ABEP is obviously reduced. The ABEP of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different P-point constellation modulation schemes is illustrated in Fig. 10(b) . When the transmission SNR is fixed, the ABEP of OAM-SM millimeter wave communication systems increases with the increase of the point number in P-point constellation modulation schemes. When the transmission SNR is larger than 10 dB, the impact of different P-point constellation modulation schemes on the ABEP is obviously reduced. Fig. 11(a) presents the ABEP of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different distances between transmitters and receivers. When the transmission SNR is fixed, the ABEP of OAM-SM millimeter wave communication systems increases with the increase of the distance between transmitters and receivers. The ABEP of OAM-SM millimeter wave communication systems with respect to the transmission SNR considering different numbers of OAM states is depicted in Fig. 11(b) . When the transmission SNR is fixed, the ABEP of OAM-SM millimeter wave communication systems increases with the increase of the number of OAM states. The trend in Fig. 11(b) can be intuitively explained that the decision error probability of the OAM states is increased when the number of candidate OAM states increases.
V. ENERGY EFFICIENCY OF OAM-SM COMMUNICATION SYSTEMS
A. Energy Efficiency Models
Considering the circuit energy of communication systems, the energy efficiency of OAM-SM millimeter wave communication systems is analyzed and compared with the energy efficiency of conventional MIMO communication systems in the following. Assuming the transmit power is equally distributed among all transmission antennas, the power consumed by the multi-antenna transmitter is modelled as [46] 
where N C is the number of the active transmission antennas, ρ C is the power consumed by circuits associated with an active transmission antenna, ρ is the transmit power of a transmission antenna, α is the slope of the load dependent power consumption. Comparing to transmitters, the power consumed by the receiver is very small and negligible [46] , [47] . Therefore, only the power consumed by transmitters is considered for OAM-SM and MIMO communication systems. In general, the energy efficiency of communication systems is expressed by
where N C ρ is the total transmit power, W denotes the bandwidth, C (N C ρ) denotes the capacity as a function of the total transmit power. In OAM-SM communication systems, at any time only a single transmission antenna is active. Consequently, N C is configured as one for OAM-SM communication systems. In this case, the energy efficiency of OAM-SM communication system is expressed by
where C OAM -SM (ρ) is derived by (25) . For MIMO communication systems with M transmission antennas and M receive antennas, the energy efficiency is derived by
where the capacity C MIMO Mρ MIMO is given by [48, eq. 8] , ρ MIMO is the transmission power at every antenna.
B. Performance Analysis of Energy Efficiency
To evaluate the energy efficiency of OAM-SM and MIMO millimeter wave communication systems, some default parameters are configured as follows: the power consumed by circuits associated with each active transmission antenna, i.e., ρ C is 6.8 W, the slope of the load dependent power consumption, i.e., α is configured as 4.0 [49] , the distance of transmitter and receiver is 50 meters. To compare the OAM-SM millimeter wave communication systems with MIMO millimeter wave communication systems, the transmit power of OAM-SM millimeter wave communication systems is configured to be equal to the transmit power of MIMO millimeter wave communication systems, i.e., ρ = Mρ MIMO .
The energy efficiency of OAM-SM, conventional MIMO and OAM based MIMO millimeter wave communication systems with respect to the transmission SNR is illustrated in Fig. 12 . When the transmission SNR is less than 10 dB, it is observed that the energy efficiency of OAM-SM systems increases with the increase of the transmission SNR. When the transmission SNR is larger than or equal to 10 dB, the energy efficiency decreases with the increase of the transmission SNR. Meanwhile, the energy efficiency of conventional MIMO and OAM based MIMO systems increases with the increase of the transmission SNR. There exists a maximum energy efficiency for OAM-SM millimeter wave communication systems considering different transmission SNR values. When the SNR is fixed, the energy efficiency of OAM-SM system with M = 4 and L = 8 is larger than the energy efficiency of MIMO and OAM based MIMO systems, also lager than that of the OAM-SM system with M = 1 and L = 32. To be specific, the maximum energy efficiency of OAM-SM systems with M = 4 and L = 8 is improved by 227.2% compared with the OAM based MIMO systems. Based on the analytically derivation, numerical results show that OAM-SM millimeter wave communication systems achieve higher capacity than conventional MIMO systems, especially when the transmission distance is longer than 37m. Moreover, due to the greatly reduced hardware circuits' power consumption, the energy efficiency of OAM-SM systems is much higher than that of MIMO systems.
VI. CONCLUSIONS
Exploiting spatial distribution characteristics of OAM beams, a new OAM-SM millimeter wave communication system is first proposed for future mobile networks. Important performance metrics like capacity, ABEP and energy efficiency of OAM-SM millimeter wave communication systems are analytically obtained in closed forms. It is shown analytically that significant performance gains can be achieved by the OAM-SM millimeter wave communication systems over the conventional MIMO millimeter wave communication systems. Compared with the OAM based MIMO millimeter wave communication systems, the maximum energy efficiency of OAM-SM millimeter wave communication systems is improved by 227.2%. Furthermore, numerical results indicate that the OAM-SM millimeter wave communication system is more suitable for long-range communications, where a higher capacity is achieved than the conventional MIMO millimeter wave communication system when the distance is larger than 37 meters. Owing to its promising performance, the proposed OAM-SM millimeter wave communication system can be regarded as a candidate solution to future mobile networks. It is a challenge to perfectly align the transmission and receive antenna arrays in the implementation of OAM-SM millimeter wave communication systems. For the future work, the miniaturization OAM antenna design, OAM channel estimation and the signal received at misaligned antenna arrays are still needed to be further investigated for OAM-SM millimeter wave communication systems.
